Rising ocean temperatures will alter the productivity and composition of marine phytoplankton communities, thereby affecting global biogeochemical cycles. Predicting the effects of future ocean warming on biogeochemical cycles depends critically on understanding how existing global temperature variation affects phytoplankton. Here we show that variation in phytoplankton temperature optima over 150 degrees of latitude is well explained by a gradient in mean ocean temperature. An eco-evolutionary model predicts a similar relationship, suggesting that this pattern is the result of evolutionary adaptation. Using mechanistic species distribution models, we find that rising temperatures this century will cause poleward shifts in species' thermal niches and a sharp decline in tropical phytoplankton diversity in the absence of an evolutionary response.
Rising ocean temperatures will alter the productivity and composition of marine phytoplankton communities, thereby affecting global biogeochemical cycles. Predicting the effects of future ocean warming on biogeochemical cycles depends critically on understanding how existing global temperature variation affects phytoplankton. Here we show that variation in phytoplankton temperature optima over 150 degrees of latitude is well explained by a gradient in mean ocean temperature. An eco-evolutionary model predicts a similar relationship, suggesting that this pattern is the result of evolutionary adaptation. Using mechanistic species distribution models, we find that rising temperatures this century will cause poleward shifts in species' thermal niches and a sharp decline in tropical phytoplankton diversity in the absence of an evolutionary response. M arine phytoplankton are responsible for nearly half of global primary productivity (1) . They play essential roles in food webs and global cycles of carbon, nitrogen, phosphorus, and other elements (2, 3) . Empirical studies have shown that recent ocean warming has driven changes in productivity (4), population size (5), phenology (6) , and community composition (7) . Global ocean circulation models predict further temperature-driven reductions in phytoplankton productivity this century, with consequent decreases in marine carbon sequestration (8, 9) . The main mechanism that these studies have identified is indirect: Rising temperatures drive an increase in ocean stratification, which in turn leads to a decrease in nutrient supply to surface waters. However, most models do not consider the direct effects of rising temperatures on individual phytoplankton species, which experience sharp declines in growth rate above their optimum temperatures for growth. They may, therefore, underestimate the effects of warming on ecosystems.
To understand how ocean warming will directly affect marine and estuarine phytoplankton, we examined growth responses to temperature in 194 strains belonging to more than 130 species from the major phytoplankton groups (10) . Temperature-related traits, such as the optimum temperature for growth and the thermal niche width (the temperature range over which growth rate is positive), are among the most important in ectothermic species, especially given predictions of global warming (11) . We estimated these traits from >5000 growth rate measurements, synthesized from 81 papers published between 1935 and 2011. The strains were isolated from 76°N to 75°S, giving us exceptionally broad coverage of the latitudinal and temperature gradients ( fig. S1 ).
Growth responses to changes in temperature are characterized by thermal tolerance curves (reaction norms). Two features of these curves are common to all ectotherms: unimodality and negative skewness (i.e., a sharper decline in fitness above the optimum temperature than below) ( fig. S2) (11, 12) . The latter condition makes ectotherms living at their optimum temperature more sensitive to warming than cooling, with important consequences for their performance in the environment (13) . Furthermore, there is an exponential increase in the maximum growth rate attainable with increasing temperature (across species). These curves may be described using three principal traits: maximum growth rate, optimum temperature for growth, and thermal niche width. We estimated these traits for each strain by fitting a thermal tolerance function to the data (14) and examined their relationships with environmental and taxonomic covariates (10) .
Our analysis revealed large-scale patterns in thermal traits. First, strains exhibited a clear latitudinal trend in the optimum temperature for growth [ Fig. 1 , coefficient of determination (R 2 ) = 0.55, P < 0.0001], demonstrating the existence of a global pattern in a key microbial trait. Second, optimum temperature was even more strongly related to mean annual temperature at the isolation location ( Fig. 2A , R 2 = 0.69, P < 0.0001), suggesting that temperature is a major selective agent and that adaptation to local environmental conditions occurs in marine microbes despite the potential for long-distance dispersal through ocean currents. In contrast, the width of the thermal niche was unrelated to temperature regimes. Third, strains from polar and temperate waters had optimum temperatures that were considerably higher than their mean annual temperatures, whereas tropical strains had optima closer to or lower than the mean temperatures ( Fig. 2A) . Finally, variation in optimum temperature and niche width was not explained by taxonomic differences above the level of genus, indicating that thermal adaptation is not highly phylogenetically constrained in this group (tables S1 and S2).
This strong trait-environment relationship suggests that microbes are adapted to the temperatures that they experience locally. However, this pattern could also occur through a correlated response to selection on other traits. To test whether the observed pattern arose as an adaptive response to variable thermal regimes, we used an eco-evolutionary model (15, 16) to predict the optimum temperatures that maximize fitness at each isolation location. The model allows us to study the effects of thermal adaptation alone by forcing all other aspects of strains to be identical. Purely theoretical applications of such ecoevolutionary models have been extensive, but they have rarely been compared to quantitative field data (17) .
In the model, strains differ only in their thermal tolerance curves (characterized by their optimum temperature) while competing for a single Fig. 1 . Latitudinal gradient in the optimum temperature for growth of marine and estuarine phytoplankton strains (n = 194 strains, R 2 = 0.55, P < 0.0001). Each point represents the optimum temperature for growth of a single strain, estimated by fitting a thermal tolerance function (14) to the data. The regression line (black) is shown, along with 95% confidence bands (gray). Confidence bands account for asymmetric uncertainty in trait estimates using a bootstrapping algorithm [(10), see also fig. S9 ].
nutrient. The growth rates of all strains are bounded by an exponential function that increases with temperature, an empirical relationship known as the Eppley curve (12). We require that each individual strain's thermal tolerance curve touch the Eppley curve at a single point, forcing maximum growth rate to become a function of optimum temperature. Niche widths are held constant across strains, because we found no significant relationship in our data set between niche width and environmental or taxonomic covariates (tables S1 and S2). Given these constraints, we allow optimum temperatures of a set of strains to evolve in response to deterministic temperature regimes. These regimes were based on model fits to a 30-year sea surface temperature time series at every isolation location (10, 18) . For each environment, we used an evolutionary algorithm based on quantitative genetics to identify evolutionarily stable states (ESSs) (10, 16) . At an ESS, the strains that persist (defined by their traits) cannot be invaded by any other strain. These temperature optima serve as a theoretical prediction of the best strategy (or strategies) at each isolation location, which we can then compare to our data as a test of thermal adaptation.
Our eco-evolutionary model predicts that optimum temperatures should increase with mean temperature and exceed it by several degrees (Fig. 2B and fig. S3 ). This is in agreement with the observed pattern ( Fig. 2A) and bolsters the case that this relationship arises from adaptation to mean temperature. However, in regions with the highest mean temperatures (the tropics), the model predicts optima that are significantly higher than those observed. Although this discrepancy suggests that tropical strains may be less well-adapted to their environmental temperatures, we estimated that these strains are capable of persistence under the temperature regimes they experience (Figs. 2B and 3 ) (19) . The difference may be a result of interactions between temperature and other factors, constraints on thermal adaptation at high temperatures, or adaptation to laboratory temperatures before measurement. Examining model predictions across a range of assumed niche widths reveals that wider niches lead to larger differences between predicted optima and the mean annual temperatures and to a decrease in the number of coexisting strains ( fig. S3 ). These results illustrate that temperature variation can support species coexistence, although it cannot fully explain the levels of trait diversity observed in the data.
Phytoplankton strains may be adapted to their current conditions, but could be negatively affected by warming oceans. Moving from the eco-evolutionary model to purely physiological mechanistic species distribution models (SDMs), we then examined whether changing environmental temperatures could alter species ranges and global diversity patterns. These models use physiological trait measurements to predict species abundances across environmental gradients (20) but do not account for species interactions or The eco-evolutionary model predicts evolutionarily stable optimum temperatures (red points) for each isolation location that are several degrees higher than the mean environmental temperatures (i.e., above the black line) and agree well with the data, except in the warmest waters. The confidence band from (A) is shown in gray for comparison. Fig. 3 . Estimated mean daily growth rates of all strains at their isolation locations, between 1980 and 2010. These estimates were based on monthly temperature records (19) and each strain's thermal tolerance curve, and depend on the assumption that growth is limited solely by temperature. Even warm-water strains have mean growth rates exceeding zero (the horizontal line), indicating that they are capable of persisting in their environment, although their optima are below what our model predicts to be most adaptive.
23 NOVEMBER 2012 VOL 338 SCIENCE www.sciencemag.org 1086 REPORTS on January 5, 2013 www.sciencemag.org evolution. We generated growth rate predictions across the ocean for each strain represented in our data set, based on their thermal tolerance curves and a 10-year temperature time series (10) . If the 10-year mean growth rate of a strain was positive at a location, the location was deemed to fall within its range. We repeated this using both historical (1991-2000) and future (2091-2100) temperature regimes, the latter having been predicted by a global climate model (10, 19, (21) (22) (23) . These estimates indicate that ocean warming is likely to drive poleward shifts in strains' equatorial boundaries, although polar range boundaries remain approximately constant ( fig. S4) . Consequently, many strains are predicted to experience a reduction in range size (figs. S5, S6, and S12), potentially increasing extinction probabilities. Our SDMs assume that growth rates are limited solely by temperature, but other factors, such as nutrient availability, could also be incorporated if relevant trait data were available.
When the range shifts of all strains are considered in the aggregate, they can be used to predict global patterns of phytoplankton diversity change as a result of ocean warming (Fig. 4) (24) . In order to do this, we calculated "potential diversity," defined as the number of phytoplankton strains (out of the 194 in our data set) theoretically capable of growing at a location, assuming that temperature is the sole limiting factor (figs. S7 and S8). A comparison of potential diversity patterns under both historical and future temperature regimes shows that temperature change may drive a large reduction in tropical phytoplankton diversity over the course of this century. Approximately one-third of contemporary tropical strains are unlikely to persist there in 2100 (Fig. 4C) , despite a change in mean temperature of onlỹ 2°C (Fig. 4, A and B) . High latitudes may experience small increases in potential diversity, as a result of poleward shifts in strain ranges. Rising temperatures have the strongest effect on tropical strains, because tropical optima are close to current mean temperatures ( Fig. 2A) and thermal tolerance curves are negatively skewed. Small increases in temperature can therefore lead to sharp declines in growth rate. A decrease in diversity is likely to have a strong impact on tropical ecosystems, because biodiversity loss is a major cause of ecosystem change (25) . One possible consequence is a decrease in tropical primary productivity, which could occur through two distinct mechanisms: the loss of highly productive species or a decrease in complementarity (26, 27) .
Our findings lend support to the hypothesis that tropical communities are most vulnerable to increases in temperature (28) . However, the existence of high genetic diversity within species, as has been noted in some cases (29) , may prevent the loss of entire species. Adaptation to changing temperatures may mitigate some of the predicted losses in diversity, particularly in rapidly reproducing taxa such as phytoplankton. The evolution of thermal tolerance has been examined in a few taxa, including phytoplankton (30-32), but we currently lack the information necessary to accurately model the consequences of evolutionary change on ecosystem processes (33, 34) . In the case of phytoplankton, we need estimates of rates of adaptation to high temperature stress in a variety of taxa, as well as an examination of the evolutionary constraints and trade-offs that may be associated with this. Characterizing these constraints will allow us to make improved forecasts of species survival and may prove critical for understanding the fate of tropical communities and oceanic ecosystems. www.sciencemag.org SCIENCE VOL 338 23 NOVEMBER 2012
